Introduction {#Sec1}
============

China's energy structure is experiencing a major reform (Ye et al. [@CR46], [@CR45]). The aim and specific path to achieve this reform are the actual emission reduction as well as grid parity between traditional and clean energy (Chen et al. [@CR6]; Mamat et al. [@CR27]). Under the dual influences of policy regulation and fiscal subsidy, China's photovoltaic (PV) industry has achieved a great-leap forward development (Ding et al. [@CR11]; Wang et al. [@CR41]; Zhu et al. [@CR48]). The year of 2020 is a critical period for China's PV power generation, in which the development of PV industry is moving from the fiscal subsidy dependence to grid parity (Yao and Cai [@CR44]). Supported by fiscal subsidy, the desires of PV industry involving in power generation have significantly enhanced. Currently, the grid parity of PV power in China is mainly based on the "benchmark price of desulfurized coal." In other words, compared with the traditional coal-fired power, the grid parity of PV power has a considerable competitive edge. Since the benchmark price of desulfurized coal is still low, it always needs a further reduction in the levelized cost of energy (LCOE) of PV power generation. However, due to the outbreak of COVID-2019, a large number of PV power generation firms are experiencing a labor shortage, a rise of logistics time--cost and even the logistics stagnation, which triggers a difficulty in the transportation process of raw materials and semi-finished products. In addition, the subsequent outbreak and constant spread of COVID-2019 overseas may trigger a new export demand after the recovery of production in PV industry, which will increase the uncertainty of this industry. In this context, PV power bidding projects, which have not been completed in 2019, cannot be carried out in 2020. These actual dilemmas will trigger a shrinking trading volume along PV industry-chain at both supply and demand sides. Therefore, it can be concluded that in a high probability, the cost of PV power generation projects will increase because the contraction of supply side is more intense than that of demand side in China's PV markets in the short term. While in the mid-and long term, the lack of market demands will bring a fall of construction cost of PV power system, and it will also increase the investment risk of VP power generation projects (Cai et al. [@CR5]). What's more, the influence of pandemics on each link of PV industry-chain is quite different, and with an increasing consumption of ingredients and inventory by PV modules firms before the Spring Festival 2020, some small- and medium-sized PV power generation firms experienced a production stagnation. In this case, the influence intensity and duration of COVID-19 on PV industry need to be measured, and the future photoelectric revenue under the pandemic shock should be also forecasted, which provides an underpinning for firms' decision-making in fostering new economic growth points to respond to the challenge of COVID-19.

The pandemics always negatively influence economic situation, and its influence on PV industry has a certain time-delay effect. Based on the actual influence of SARS on China's economy in 2003, the pandemic influenced the capital-using industries for around 1 quarter (Li [@CR22]). Restricted by the population flowing, COVID-19 will delay the recovery of production of PV industry for 2--3 weeks. However, for China's PV industry that has been incorporated into global PV industry-chain, due to the inconsistent time-point of recovery of production in each firm in relation to the supply chain and extension of logistics time, China's PV industry is more likely to experience a shortage of raw materials. It will trigger a fall of productivity in the whole industry-chain due to the untimely supply from upstream firms (Binz et al. [@CR3]; Liu and Liu [@CR25]). Judging from this, the influence of COVID-19 on PV industry will continue for a long time.

The essence of pandemics is a kind of emergency. Prior studies concluded that such emergency can influence PV industry from internal and external aspects (McBee et al. [@CR28]; Mehrjerdi [@CR29]). The internal emergency is mainly originated from the imbalance of power supply and demand caused by power failure and load variation, which needs a rapid check and then an adjustment of PV power grid (Schmitz et al. [@CR34]; Al Hadi et al. [@CR1]). External emergency is mainly caused by the change of environmental factors in PV industry that include policy involvement, market competitiveness, technology progress and financing channels (Sun et al. [@CR38]; Liu et al. [@CR26]; Mirzania et al. [@CR30]; Moslehi and Reddy [@CR31]). For example, the emergencies like financial crisis and imbalance of supply and demand may trigger a rise of market risks of PV industry and then influence the whole industry-chain (Ibarloza et al. [@CR18]). The release of "531 New Deal" slows down the PV industry in China that experienced a rapid development earlier, which results in a significant fall in new installed capacity (Corwin and Johnson [@CR8]). Compared with the influence of single-factor change on the price of PV power, pandemics will trigger a change of policy adjustment, market environment, financing channel and some other response measures. Therefore, the joint effect of multiple factors will increase the difficulty in forecasting the influence of COVID-19 on China's PV industry.

A key link of quantifying the influence intensity and cycle of COVID-19 on grid parity of PV power generation is to analyze the main features of China's PV industry-chain, which can also help clarify the general rule of pandemics on LCOE transmission along PV industry-chain. In this regard, it needs to develop a time-delay cost transmission model embedded in the PV industry-chain and thus characterize the actual influence of COVID-19 on the LCOE of PV power generation. Based on Ding et al. ([@CR12]), policy, technology, market and operations efficiency of PV firms are key factors that influence the layout structure of China's PV industry. Fang et al. ([@CR15]) argued that China's PV industry-chain is long, and the close collaboration among upstream and downstream firms is a key premise for promoting PV technology innovation and thus reduces electricity consumption cost. However, with respect to the upgrading path of PV industry-chain, Chen and Su ([@CR7]) found that the efficiency and cost reduction in PV power generation system by decomposing PV industry-chain and developing technology innovation in each production link are not as optimistic as that in whole industry-chain, which indicates that technology and cost input are not evenly distributed in each production link of China's PV industry. By further analyzing this case, it can be found that each link shows a "topology structure" rather than a "chain structure," thereby increasing the dissipation risk of the whole PV industry. Overall, China's PV industry-chain has features of products/services homogeneity, fierce market competition, and technology heterogeneity, which makes PV industry in the period of meager profit (Wang and Wang [@CR42]). By using the discrete state equation, Shang ([@CR35]) concluded that the variation of time-delay factors among industrial sectors depends on production cost and output value. In addition, Li et al. ([@CR23]) simulated the influence of single factor on production cost system by developing differential equation with considering the time-delay.

With respect to the specific time-delay model, it has been elaborated that the general rule of time-delay effect can be obtained by involving time-series terms into the "input--output" model (Tong [@CR39]). Under the guidance of a view of system science that is "every system must have its own structure, and system structure determines the system function," prior studies believed that it needs to analyze internal influence mechanism and firms' feedback behavior targeting at the emergency from the perspective of system (Lane [@CR21]). By the mathematical model, it can develop the causal relationship among the variations of different production forms (Ren et al. [@CR33]). The system dynamics integrates both qualitative and quantitative methods, which can help intuitively show the transmission path among variables and the chain-reaction intensity under the variation of internal variables. Accordingly, when analyzing the general rule of total subcontract trading cost, Sun et al. ([@CR37]) argued that system dynamics method can effectively match the dynamic cost influence of different factors, and the sensitivity test targeting at variables can help develop the corresponding response strategies. In addition, more studies argued that the system dynamics method can show a favorable result in both the mid- and long-term forecast and system's feedback under the influence of multi-factors (Zhu et al. [@CR49]; Starnini et al. [@CR36]; Ntemi and Kotropoulos [@CR32]).

By analyzing the essence of pandemics' influence, this paper will use the system dynamics model to quantify the influence of COVID-19 on China's PV industry. Specifically, this paper contributes to following knowledge areas. First, we will provide theoretical underpinnings for China's government to improve fiscal subsidy policies by analyzing the actual influence of COVID-19 on PV industry and exploring both the specific influence path and time-delay effect on PV power investment. Second, we forecast the PV power investment cost under the influence of COVID-19 and dual-pressures of domestic and overseas markets, which provides a decision-making basis for PV firms and PV power generation stations to grasp market prospects and reduce investment risks. Third, our cost accounting model for PV power generation can rapidly forecast such cost under the variation of system parameters, which provides a tool for the real-time quotation of PV power investment projects. This paper is helpful for the academic community to understand the impact mechanism and specific path of the pandemic shock on PV industry. The results of this paper also help the government to forecast the time of grid parity of PV under the impact of the COVID-19. At the same time, it provides a quantitative tool for PV firms to mitigate market risks and grasp investment opportunities.

The rest of this paper is structured as follows. "[The framework of PV industry's cost system and sub-system design](#Sec2){ref-type="sec"}" section elaborates the manifestation of time cost in PV production cost and the transmission path along PV industry-chain. Then we develop the PV production cost system framework and clarify the specific indicators in each sub-system. Based on the system dynamics model, "[The forecast model for cost of PV power generation based on system](#Sec5){ref-type="sec"}" section develops the model to quantify PV production cost under the time-delay condition with designing the research variables. "[Results and analysis](#Sec9){ref-type="sec"}" section simulates the influence of COVID-19 on PV power generation cost. "[Conclusions and research implications](#Sec12){ref-type="sec"}" section concludes this paper and accordingly proposes research implications.

The framework of PV industry's cost system and sub-system design {#Sec2}
================================================================

In general, PV industry-chain includes five production processes that are involved in upstream, midstream and downstream link of firms, as shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1The flow diagram of PV industry-chain

From the perspective of international division of labor, China, which is the most important world factory and absolute manufacturing center in the global PV industry-chain, has more than 80% of PV industry production capacity. As novel coronavirus pneumonia has the features of global pandemic, the impact of COVID-19 on global PV industry has shifted from the beginning of upstream manufacturing side to the import and export trade as well as downstream firms. The influence of pandemics on PV industry mainly includes the time-delay of recovery of production, shortage of labor, fall in logistics efficiency, rise of production cost, tightening supply of raw materials, and uncertain prospects of export trading (Javaid et al. [@CR19]; Vaka et al. [@CR40]). At the manufacturing end of PV modules, the transportation time of raw materials will be extended, with the use rate of production capability of whole industry-chain decreasing and operations cost of whole industry-chain increasing. At the application end of PV modules, it is likely that the proportion of abandoned electricity will gradually increase due to the failure of PV power generation projects in linking national grid schedules, which has a negative influence on the operations and maintenance of PV power generation. In the process of market financing, the time-point of manufacturer's funds recovery will be delayed, which brings a difficulty for small-scale and cash-flow intensive manufacturers in capital turnover. In terms of policy release in PV industry, COVID-19 triggers fiscal subsidies not to be carried out in time, and the postponement of bidding submission and verification sequencing is also influencing the start-up time of bidding projects. Accordingly, the influence of COVID-19 is mainly embodied as the time-delay of PV power generation projects. The chain reaction of demand and installed capacity by time-delay is embodied in the demand postponement that changes from the first quarter to the second or third quarter, which will trigger a variation of demand and installed capacity in a high probability. Based on above analysis, quantifying the influence of COVID-19 on China's PV gird parity should firstly clarify the influence path. Then it needs to consider PV production cost as a systems engineering and then design the corresponding sub-systems following the actual operations of PV power generation revenue.

The role of time cost in PV industry-chain {#Sec3}
------------------------------------------

Based on the Product Life Cycle Theory, the time lag may bring the loss of market opportunity (Crosby [@CR9]). With the variation of market environment, the competition mode changes from the primary level (e.g., price, variety and quality) to time competition level. Such time factor has become a high-quality resource in creating competitive edges because time cost is an important part of production cost.
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In Eq. ([1](#Equ1){ref-type=""}), the certification premise of products quality *V* is that *V* confirms to a certain quality standard *G*. When *G* is the objective function, the rise of production process cost that satisfies *G* will be influenced by both the fixed and random factors. In this context, assume that the output mass *V* satisfies the normal distribution with the mean value as $\documentclass[12pt]{minimal}
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In Eq. ([3](#Equ3){ref-type=""}), the optimal investment proportion of process cost is $\documentclass[12pt]{minimal}
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Further, the time cost is added to the production process of PV power. Assume that the increase cost of production process of PV power generation has the features of series topology. The average processing time of the *i*th production process is $\documentclass[12pt]{minimal}
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The waiting time of the whole life cycle is as Eq. ([5](#Equ5){ref-type=""}).$$\documentclass[12pt]{minimal}
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According to the results of Eqs. ([3](#Equ3){ref-type=""}) and ([5](#Equ5){ref-type=""}), it can be concluded that: (1) the time cost *T* of product life cycle increases with the improvement in quality *V*. (2) The time cost *T* increases with the rise of the production process time $\documentclass[12pt]{minimal}
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                \begin{document}$$X/\left( {X - V} \right)$$\end{document}$ is large, i.e., the cost and quality being at a high level, the time cost mainly comes from the fluctuation brought about by $\documentclass[12pt]{minimal}
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According to Eq. ([5](#Equ5){ref-type=""}),$\documentclass[12pt]{minimal}
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                \begin{document}$$T \propto \left( {\sigma_{i - 1}^{2} + \sigma_{i}^{2} } \right)t_{i}$$\end{document}$, which indicates that the cost time is proportional to working procedures' product time and the average waiting time, and thus the initial impact of COVID-19 on time is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left( {\sigma_{i - 1 + 0}^{2} + \sigma_{i + 0}^{2} } \right)t_{i + 0}$$\end{document}$. Because the sudden shock of emergency fails to transmit its impact on the process cost at the initial time, it has no time lag effect of the initial impact of COVID-19 on the whole life cycle of PV power generation.

According to the analysis in this section, the functions of time, cost and quality in the production process can be transformed into each other, and thus the increased time process influenced by the pandemic will influence the cost and quality of final products. Under the condition of relatively low value conversion rate, the impact of production cycle extension on the upstream production process is more significant. Therefore, it is necessary to further characterize the cost impact of the whole value chain caused by the impact of the overall time-delay.

The cost system and sub-system of PV power generation cost {#Sec4}
----------------------------------------------------------

Based on the known relationship of system internal variables, system dynamics is an interdisciplinary and comprehensive subject, seeking for the better structure of the system to obtain the better system behavior. This method obtains the information feedback law between the system input and output with the assistance of simulation principle to finally understand and solve the systematic problems. This paper uses system dynamics to explore the shock scale of pandemic on China's PV power cost by simulating the specific influence route and forecasting the impact duration.

Currently, two indicators are selected to measure the income of PV power generation, including the internal rate of return (IRR) and the whole life cost of power consumption. Here, IRR is the discount of net cash flow of PV power projects in 25 years (the average life cycle of PV power system), and the whole life cost of power consumption is the ratio of total cost of PV power projects to the total power generation in 25 years. Based on the analysis of influencing factors to these two PV revenue indicators, it shows that the cost of PV power generation can be calculated by the following Equation as Eq. ([6](#Equ6){ref-type=""}).$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T_{\text{cost}} = C_{\text{p}} \left( {1/{\text{Per}} + R_{\text{op}} + R_{\text{loan}} *R_{\text{intr}} - I_{\text{sub}} } \right)/H_{\text{fp}}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T_{\text{cost}}$$\end{document}$ indicates the cost price of PV power projects, with $\documentclass[12pt]{minimal}
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By analyzing the features of time-delay factor in the four cost dimensions of PV power generation, the equivalent full-load hours are the ratio between the power generation capacity and the installed capacity, which mainly relies on the natural conditions and actual demand of the location of PV landing projects, regardless of the completion and operations cycle of the PV power projects (Awasthi et al. [@CR2]). In general, increasing the equivalent full-load hours by 1% can increase the IRR of PV power projects by 0.2--0.3%. Therefore, this factor is not suitable to be directly selected as a sub-system related to time-delay factor. Something that needs to be explained is that the specific variables contained in this cost, e.g., power output, can be indirectly transmitted to the change of the whole life cost of power consumption through the variable selection of other sub-systems.

Second, the systematic cost of PV power projects consists of PV module, grid-connected inverter, PV support bracket and cost of total schedule for construction, among which the PV module cost accounts for 40.7% of initial investment cost of PV power project. Driven by the technology progress, price reduction in raw materials and other factors, China's PV modules have decreased by 90% in past 10 years, which is a major cost variable influenced by time-delay factor. It has been forecasted that the cost of this part would still have a larger decrease speed and space with the improvement in scale effect and transformation efficiency. However, as the largest exporter of PV industry, China's PV industry-chain is also influenced by the slowdown of overseas demand and the rise of freight price, and thus firms are forced to turn to domestic market competition.

As shown in Fig. [2](#Fig2){ref-type="fig"}, China's PV modules have strong dependence on the international market in the industry-chain of polycrystalline silicon slice, single crystalline silicon solar cell and polycrystalline silicon solar cell. Further, the price fluctuation in the international market has great influence on the price fluctuation in the domestic market where the correlation influence coefficient is over 0.6. Due to the increasing competition in the domestic market and the pressure of de-stocking, the current round of price decrease in PV accessories is expected to last for at least 2--4 weeks. Therefore, the systematic cost should be treated as one of the cost changing sub-system of PV power generation under the influence of time-delay factors.Fig. 2The price volatility rate of PV modules between overseas market and China's domestic market

Third, fiscal subsidy is an important driving force for the rapid development of China's PV industry (Fan et al. [@CR14]). Based on the division of three types of subsidy coverage areas based on the local light intensity, the fiscal subsidy for China's PV industry provides 20 years' funds support for clean energy according to their actual PV power generation (Lin and Luan [@CR24]). However, the default of fiscal subsidy, which easily triggers the shortage of cash flow in small- and medium-sized PV accessories firms, has become a main contradiction hindering the development of current China's PV industry, and this phenomenon will bring a capital crisis along the entire PV industry-chain with a high probability. According to the work plan for *The 2019 Construction and Management of PV Power Generation* issued by the National Energy Administration in May 2019, PV power projects included in the scope of fiscal subsidies should be completed and grid-connected with full capacity before the end of promised date in which the expected production time is declared. The document also states that if the grid connection is not completed within the time limit, the fiscal subsidy will be reduced by 0.01 yuan/kWh for each quarter overdue. While if the grid connection is not completed in 2 quarters after the promised date in which the production is declared, the qualification for fiscal subsidy would be canceled. Under this provision, more and more bidding projects in 2019 hope to realize grid connection before March 31 and June 30, 2020, thereby obtaining the corresponding fiscal subsidies. However, under the influence of the pandemic, there will be a large probability that the official release date of policies, e.g., electricity guiding price, will be delayed, and the roof negotiation of distributed power generation and the field survey of PV power landing projects will be influenced. In addition, it will not bring a great loss to China if it postpones the time-point of canceling the fiscal subsidy. Therefore, the postponement of fiscal subsidy has become a large probability event, which should be included in the influence sub-system of time-delay factor.

Fourth, with policy guidance, the current PV power projects is moving toward Distributed Power Generation. Since the new type of PV power projects has characters of small scales, large investment risks and low revenues, the investors are generally small- and medium-sized firms, where their main funds come from the financing of investment firms (Yang et al. [@CR43]). Compared with bank lending, the financing cost of an investment firms is generally 9--12%, and the financial cost during the operations period and the stabilization period of PV power projects is about 8--12% and 6--8% of the total investment. This part of cost is greatly influenced by the time-delay factor. In general, the return on capital decreases 0.8--1% when the financing cost increases by 1%. Accordingly, the financing cost is an important sub-system that influences the cost of PV power generation by the shock of pandemics.

As shown in Fig. [3](#Fig3){ref-type="fig"}, in the framework of system dynamics, three sub-systems are selected to measure the impact of time-delay factor caused by pandemic on the cost of PV power generation.Fig. 3The cost sub-system of PV power generation under the pandemics shock

The forecast model for cost of PV power generation based on system dynamics {#Sec5}
===========================================================================

According to the features of pandemics, this paper divides the cost influenced system of PV power generation into three sub-systems: investment cost, financing cost and fiscal subsidy income. Each sub-system influences and restricts each other according to the input and output changes of each influence index and jointly influences the cost of PV power generation.

Investment cost {#Sec6}
---------------

From 2011 to 2018, although modules and inverters of PV industry decreased by more than 75%, the investment cost of "module + inverter" is still accounted for more than 50% systematic cost of PV power generation. The key to further cost reduction in the Balance of System (BOS) of PV system lies in three aspects: the improvement in the module efficiency, the optimization of engineering design and the certain decrease space for the cost of PV modules.

In terms of investment cost, we need to focus on the impact of technological innovation and breakthrough on the cost of PV power generation. The cost of technology is a state variable, and the learning efficiency of technology as well as the average annual growth rate of PV installed capacity are two rate variables. The previous study shows that technology learning efficiency is influenced by a series of factors, e.g., photoelectric conversion rate of solar modules, which is essentially the conversion rate from input to output, and its dynamic features can be described by learning curve (Cui et al. [@CR10]). The new installed capacity ratio of PV power projects is an important indicator to measure the development trend and industrial prospect of PV industry. With the strong support of national policies, China's new installed PV capacity ranks first in the world for six consecutive years. Although influenced by the *Subsidy Reduction Policy (5.31 new deal of 2018)* that the domestic new installed capacity decreased significantly in 2018, the annual new installed PV projects in China are still as high as 68% during the period of 2010 to 2019. This paper takes the learning efficiency and annual average growth rate of new installed PV projects as the main indicators in measuring investment cost, which can be expressed as Eq. ([7](#Equ7){ref-type=""}) according to the method of Biondi and Moretto ([@CR4]).$$\documentclass[12pt]{minimal}
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Second, since the cost of PV modules accounts for about half of the total cost of PV power projects and there is a high correlation between the domestic market and international markets regarding as the module price volatility, the weak in module prices has driven down the initial investment. Different from the drop of module price caused by the unique demand shock of the traditional raw material market, the module price fluctuation caused by the pandemic is more reflected in the impact wave of exchange rate, production cost and total demand. It is the fluctuation of both sides of supply and demand under the interference of the pandemic that influences the price of PV modules (Yu et al. [@CR47]). The impact of the pandemic on the demand side mainly triggers the fact that the spread of the pandemic has delayed or slowed the progress of the PV power project. From February to March of 2020, the pandemic has seriously shocked the production of China's PV accessories, resulting in an increase in the price of PV modules. Then, after the work returning of China's PV firms, the overcapacity and inventory rise further shock the supply side of China's PV industry because the spread of the overseas pandemic brings the postponement of overseas PV power projects that decrease the actual demand of PV accessories. From March to April, the weak of international PV market began to influence the whole PV industry-chain, where the price of PV accessories showed an obvious downward trend. In view of the fact that the price fluctuation of PV modules in the international markets has a conduction strength of about 60% to the price of domestic PV modules, we forecast the price fluctuation of PV modules based on the time-delay lag factor of pandemic influence.

Financing cost {#Sec7}
--------------

According to the industry standard of PV power generation, the yield of PV power is determined by the lighting conditions of the installation area, where the annual technical attenuation is 0.5% within the 25-year usage cycle of PV modules. In general, the PV power projects has the features of low maintenance cost, stable income and the excellent property of financing. However, since the financing period for PV power generation is relative long, the investors obligate high market risk, which brings more policy and technical uncertainty for this industry (Jimenez-Castillo et al. [@CR20]). Therefore, this paper focuses on the time cost and scale benefit of financing when considering the sub-system construction of financing cost.

The sub-system of financing cost consists of two parts: financing rate and financing scale. Financing rate is the borrowing time cost during the process of capital concession and usage, which can be expressed as Eq. ([8](#Equ8){ref-type=""}).$$\documentclass[12pt]{minimal}
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Financing scale mainly consists of investment cost and operations cost. For the investment process, the cost of financing is hedged by the income of the PV power sale. During the investment process, the cost of financing can be hedged by the income of the PV power sale. Because the PV operations revenue is affected and influenced by several factors, e.g., power generation and the abandoned electricity rate of PV power generation, the sub-index of equivalent full-load hours also influences the financing scales by influencing the power generation and installed capacity.

Fiscal subsidy income {#Sec8}
---------------------

Fiscal subsidy is an important factor to promote the PV industry, accounting for nearly 1/5 of the actual revenue of PV power projects. In the context of the continuous decrease in fiscal subsidies, the income effect of this sub-system to the PV power generation cost continues to decrease. However, due to the pandemics, the delay of historical subsidy and the release delay of new subsidy policy, this sub-system will still provide the benefits for the PV power generation in the short term. This paper describes the input--output process of the sub-system of fiscal subsidy by using the subsidy rate formed by different subsidy intensity and the time-delay factor caused by the subsidy delay.

On the construction of three sub-systems, the impact of time-delay factor on the whole industry-chain of China's PV power projects is considered, which mainly focuses on three paths as follows.Time lag → Unit cost change (Installation growth) → Investment cost → Cost change → LCOETime lag → Subsidy change → Subsidy income → Cost change → LCOETime lag → Financing period → Guarantee fee change → Financing change → Financing cost → Cost change → LCOE

In the specific model construction of system dynamics, the main state equation and rate equation in measuring the cost PV power projects are as follows:

State equation:①LCOE = (1 + Cost change) \* Fixed cost + Operations cost where Fixed Cost includes Investment Cost, Financing Cost and Subsidy Income.

Rate equations:①Unit cost change = (Technology learning rate + Module price volatility) \* Time lag➁Installed growth = Growth factor \* Time lag➂Capital demand = Investment Cost + Operations cost➃Financing demand change = (Guarantee rate + Loan interest rate)/(1 − Income tax rate) \* Time lag⑤Subsidy change = Subsidy Intensity \* Time lag

Then all equations are put into the system dynamics model to get the display expression of relevant variables and forecast the future cost trend of PV power generation under different time-delay factors, as shown in Fig. [4](#Fig4){ref-type="fig"}.Fig. 4The model structure of LCOE of PV power generation under time lag

Results and analysis {#Sec9}
====================

Data collection and robustness test {#Sec10}
-----------------------------------

Before simulating the results of pandemic shock on PV power generation, known constants and table functions should be firstly provided to be the input of the systematic dynamics model. Specifically, known constants include the subsidy intensity of LCOE, the growth rate of new installed capacity, installed capacity, power generation and other results that can be directly obtained by searching relevant statistical data. Table functions include unit cost change rate, financing rate, capital demand, etc., which are used to deal with the complex linear relationship among variables by deducing corresponding historical data and giving the approximate trend range. Based on the average financing level of non-bank financial institutions, *The Annual Report of China's PV Industry*, and *Several Opinions on Promoting the Healthy Development of Non*-*Water Renewable Energy Power Generation*, the values of each parameter in the model are obtained, as shown in Table [1](#Tab1){ref-type="table"}.Table 1The parameter values of PV power generation costParametersValuesTotal financing (Billion Yuan)210.7 (2019),1.2 (Quarter I of 2020)Income tax rate (%)12.5Loan interest rate (%)6 (Average value)Average operating rate (%)2 (Average value)Module price volatility (%)− 5 (Average value)Installed growth rate (%)12 (Based on data of 2013--2018)Subsidy intensity (Yuan)0.1 (10% quarterly reduction from Q2)Power generation (GW)177,500 (2019 data)Installed capacity (GW)130.58 (2019 data)

Based on the built model in "[The forecast model for cost of PV power generation based on system](#Sec5){ref-type="sec"}" section, the influence intensity of cost change of each sub-system on total LCOE of PV power generation can be forecasted.

The results of robustness test in Fig. [5](#Fig5){ref-type="fig"} show that changing time intervals do not significantly influence the price trend of main sub-systems. This result also supports that the system dynamics model constructed in this paper is reasonable and can be used to forecast the impact of COVID-19 on PV industry.Fig. 5Robustness test

Results analysis {#Sec11}
----------------

As the fiscal subsidy for PV industry will probably end in 2021, this paper only gives the results of the impact of the pandemic on the investment and financing sub-system of PV power projects under different time-delay factors.

It can be seen from Fig. [6](#Fig6){ref-type="fig"} that, first of all, with the rise of the production quarter influenced by the pandemic, the investment cost of LCOE shows a trend of small rise first and then steady and rapid decrease, where the decline degree increases with the rise of the influence quarters. The improvement in PV system efficiency, tracking technology and the application of double-sided module raises the investment cost of PV power generation. Compared with the PV power projects built in the earlier stage, the newly-installed PV power projects in the later stage can increase the power generation capacity and reduce the power consumption cost within the period of time lag. At the same time, as shown in "[The framework of PV industry's cost system and sub-system design](#Sec2){ref-type="sec"}" section, the promotion of PV quality and cost depends more on the level improvement in upstream manufacturing. By optimizing the design of PV power generation and adopting efficient modules, the investment cost of PV power projects can be further reduced. Second, the financing cost shows a steady upward trend because the pandemic that influences the production cycle, and the increase degree of the later period is larger than that of the earlier period. Here, we can conclude that influenced by the pandemic, the key factor that restricts the further reduction the cost of PV power generation is financing cost. As the example of this paper, the rise of financing cost exceeds the rise of investment cost in the short-term time lag, which becomes the largest part of cost composition. Third, the increase and decrease in investment and financing costs are overlapped. For the short-term time lag, the cost of PV power projects has upward pressure. While for the long-term time lag, the cost of PV power projects has a significant downward trend because the decrease in investment cost is faster than the rise of financing cost. For the short term, the time lag makes the insufficient supply of PV modules, which leads to the rise of supply chain cost. While the capital demand caused by shutdown and default pushes up the financing cost, which makes the superposition of these two factors offset the price decrease brought by technological progress, further aggravating the rise of investment cost of short-term PV power projects. For the long term, the double decrease in installed growth rate and capital demand is brought by the large-scale production stop, which helps reduce the investment cost that essentially impedes the long-term development of PV industry due to the production stagnation in the whole industry-chain.Fig. 6The investment and financing cost of PV power generation under COVID-19 shock

As we have analyzed previously, the impact of the pandemic on PV power generation is a short-term impact. Therefore, this paper uses the time lag of one and two quarter to simulate the mid-term cost trend of PV power projects under the condition of pandemic shock.

As shown in Table [2](#Tab2){ref-type="table"}, the impact of unit financing cost on total cost of PV power projects has increased rapidly, and the volatility of financing cost has increased by more than 7.5% for the one quarter time lag and 15% for the two quarters time lag compared with that before the pandemic. In contrast, due to the cost decrease brought by technological progress and the weakness of price module in the international market, the rise of unit investment cost caused by production stagnation in the proportion of total cost is relatively small, with an increase of about 1.7% for the one quarter time lag and 0.34% for the two quarters time lag. However, due to the deferral of fiscal subsidy, unit subsidies have a better effect on reducing the cost of PV power generation. In general, the cost of PV power generation caused by the pandemic lagged behind one quarter rose by about 2.53%, and two quarters by about 2.45%. In view of the production resumption of China's PV manufactures in April 2020, we simulate the expected trend of the overall LCOE with one quarter time lag. Based on the transmission regulation in cost along the industry-chain proposed by Hernandez-Moro and Martinez-Duart ([@CR16]), we can forecast the future LCOE of PV power projects as Fig. [7](#Fig7){ref-type="fig"}.Table 2The volatility range of PV power generation cost under the impact of COVID-19Unit volatilityFinancing cost (+) (%)Investment cost (+) (%)Subsidy income (−) (%)Total LCOE (+) (%)Quarters delay 17.581.6902.53 215.660.3414.282.45Fig. 7The LCOE trend of PV power generation under the influence of COVID-19

The black line in Fig. [7](#Fig7){ref-type="fig"} shows the forecast LCOE trend of new installed PV power project. By the shock of the pandemic, the simulation result of the blue dotted line shows that one quarter time lag will promote the LCOE of PV power to rise significantly in the second quarter of 2020, and this rise will appear a callback in the fourth quarter of 2020 with the resumption of work and the rise of new PV installation demand, where the impact of this emergency on the PV power industry will end in the first quarter of 2021.

To sum up, although the pandemic makes the PV module manufacturing face shutdown and the construction period of the power projects is extended, the total impact of COVID-19 on the LCOE of PV power generation is controllable, and the industry still shows a good development trend as a whole. The reason for this conclusion lies in that with the high level of automation, the lower proportion cost of labor payment and the strong downstream demand, and thus the losses caused by the resumption lag can be alleviated by high automation after the resumption of PV manufacture firms. The results further point out that in the short term, the increased LCOE of PV power generation is not conducive to the completion of the mission of new installed power generation in 2020. Currently, influenced by the pandemic, the overall PV industry is facing the following three problems. First, the extension of financing cycle leads to the rise of capital cost. Second, the logistics factor leads to the rise of delivery risk. Third, the deterioration of foreign trade environment and international policies lead to the expected demand fluctuation. Accordingly, in view of the impact of the pandemic on the PV industry, the government needs to adjust the industrial support policies. While firms need to grasp the development direction of PV industry, and thus timely adjust the production and power projects construction strategies and effectively responding to the pandemic challenges based on above three areas.

Conclusions and research implications {#Sec12}
=====================================

Conclusions {#Sec13}
-----------

Based on the law of cost conduction and system dynamics model, this paper analyzes the pandemic impact on China's PV power projects at the respect of influence intensity and action period, where the conclusions are as follows. (1) The impact of the pandemic on the PV industry has a time-delay effect, and the shock period of this virus on China's stoppage is about one quarter. (2) The impact of the pandemic on the upstream firms of the PV industry-chain is greater than that on the downstream firms, and the final performance of the impact results is the LCOE fluctuation of the new installed PV power projects. (3) The price drop of PV modules caused by the spread of overseas viruses has little impact on the cost of domestic PV power projects of China. The trend of financing and investment cost caused by the pandemic shows that the cost of new installed PV power projects is under increasing pressure in the short term, in which the increase rate is about 3%. (4) The rising cost of PV power generation caused by pandemics will decrease rapidly with the overall resumption of production in the whole industry-chain and will basically return to the original expected trend of parity on grid by the end of 2020.

Management implications {#Sec14}
-----------------------

Due to the sudden, complex and sustained shock of COVID-19, in order to reduce the impact of the pandemic on China's PV parity on grid in 2020, the following policy and management implications are proposed based on the conclusions of the study.

First, it should further support the upstream firms of PV module manufactures to get out of the financing cost dilemma, and thus prevent the excessive transfer of financing cost to the cost of PV power generation along with the industry-chain. Our findings show that financing cost is an important problem restricting the development of PV industry in China. Thus, we need to innovate diversified financing methods to support financial institutions to reduce firms' financing cost. The content of this policy includes two parts. One is that the financial institutions are encouraged to provide credit loan support to small and medium-sized firms at the upstream of PV industry-chain, which helps appropriately reduce the rate of guarantee and re-guarantee and also reduce taxes as well as extending the use cycle of funds. The other is that recognize the cost stable role of small and medium-sized suppliers in the PV industry-chain, and thus further protecting their business environment. The government should not formulate fiscal support policies related to PV industry based on an absolute scale, which aggravates the "crowding out effect" to small and medium-sized suppliers since the most fiscal support is to large suppliers.

Second, the upgrade of PV industry based on digital and intelligent transformation. The essence of the impact of the COVID-19 on PV industry lies in the increase in the time lag cost caused by the limited travel of workers and the stagnation of transportation. With the help of digital tools, it should improve the management efficiency of PV manufactures' capacity in logistics, and thus timely achieve the tracking of product status, transparent supervision and deployment control. By the digital transformation, it can enhance the vitality of data assets in PV industry and bridge the upstream and downstream value of supply chain in the form of data docking, which broads the marketing channels among suppliers of PV industry and improves the anti-risk capability of whole industry-chain. At the same time, increasing the attempt of unmanned logistics technology can also reduce the risk of supply chain rupture of PV industry brought by logistics disruption.

Third, strengthen cost control to timely adjust the output. In a stagnant market environment, high start-up rate is equivalent to high inventory. Under the current high uncertain market, the inventory value loss caused by the excessive fluctuation of raw material price is far greater than the income brought by the high start-up rate. At the same time, the occupation of cash flow caused by high start-up rate is easy to push up the financing risk of PV power generation firms; and in extreme cases, there will be a situation of selling inventory to obtain cash flow regardless of the cost. Thus, during the period of weak market demand, firms should suspend the production of PV power projects and carry out the investment and development of projects unless the price of raw material of PV industry is judged at historically low levels, and the volatility of module cost can be accepted.
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